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We describe a method to retrieve hazardous dye from aqueous solution that employs 
magnetic nanoparticles with strong affinity to dyes.  Ionic liquids with stronger affinity to the 
magnetic particles promote up to 99% dye recovery.
Efficient removal and recovery of hazardous dyes from industrial wastewater receives 
remarkable attention for its potential environmental impact.  Dyes are used at large scale in
textile, paper, plastic leather, cosmetics, rubber and photography industries
1-3
.  Due to the 
toxic nature of these dyes or its metabolites, wastewaters that contain dyes are generally 
discarded as effluents
4-5
.  Many of these dyes can be acute and or chronic carcinogenic effects
to all organisms depending on amount of exposure time and concentrations. Dyes are 
inherently highly visible even at low concentrations
6
. Most techniques described in the 
literature utilize adsorbents like clays, sand, fly ash, polymers and activated carbon
7-10
.
Natural byproducts such as coconut husk, sunflower stalks, barley husk, rice husk, peanut 
hull, lemon peel, corncob either on their own or modified have been also investigated as low 
cost adsorbents
11-12
.  Activated carbon is the most widely used by industry 
13-15
.  However, it 
remains a challenge to separate the activated carbon from the solution.  Attempts to employ 
magnetic separation techniques have been reported
16
.  In these techniques a magnetic core is 
coated with activated carbon.  An external magnetic field enables the separation of the 
activated carbon magnetic carrier from the solution.
In this article we report the application of magnetic nanoparticles prepared with surface 
affinity to dyes. Anionic iron oxide nanoparticles, as a low cost sorbent for the removal of 
(AO) dye from aqueous solutions were synthesized as described in Chattrejee et al.
16
The
zeta potential for the particles was measured by a Malvern Zetasizer Nano ZS (Malvern 
Instruments Ltd.).  The zeta potential was found to be -48.7 mV.  Narrow size distribution
with average particle diameter of 9±2.5 nm was obtained.  The size distribution was 
determined by transmission electron microscopy.  The particles magnetization characteristics 
were studied using a SQUID magnetometer.  The particles exhibit superparamagnetic
behavior.  Naked magnetic nanoparticles with affinity to dyes have the advantage over the 
activated carbon coated particle due to simplicity of synthesis, cost and ability to recover the 
dye back.
Acridine Orange  (AO), a cationic dye, has been the subject of extensive studies in recent 
years. The biological effects of AO, which includes photodynamic and mutagenic actions of
the dye, constitute another large area of research.
17,18
We obtained AO from Sigma Chemicals in commercial purity. The zeta potential for AO was 
measured using Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.) and was found to be 
5.58mV.  We prepared dye stock solutions of 5x10
-4
M then diluted to different initial 
concentrations while maintaining the pH at 4.5±3.  Dry weight of nanoparticles in the range 
of 0.01g-0.075g per ml of dye solution was added to a fixed volume of 10ml of 5x10
-4
M dye.
The mixture was shaken in a constant temperature shaker at 200rpm.  Following the shaking 
the magnetic particles were separated by use of external permanent magnet.  A volume of 1 
mL of dye supernatant was centrifuged at 2000rpm for 2 minutes to ensure removal of 
nanoparticles from the solution.  The change in dye concentration was measured 
spectrophotometerically at 490nm. The sequence was repeated for different time incubation
periods.  The percentage of dye removal at each incubation time was calculated according to
where C0 and Ct (mg/L) are the liquid-phase concentrations of dye at initial and equilibrium, 
respectively.  Figure 1 shows the percentage of dye removed at each incubation time.  We 
found that within the initial concentration ranges utilized in the experiment, the maximum
removal occured when 5mg or higher were used. 
Figure 1: % of dye removal by nanoparticles at different incubation times.
To investigate the isotherms and kinetics of dye separation using the magnetic nanoparticles a 
fixed amount of magnetic nanoparticles (5mg/ml) was added to solutions of dyes with initial 
dye concentrations ranging from 5x10
-4
M to 1x10
-5
M.  The amount of dye removal at 
different incubation times in (mg of dye/g of nanoparticles) was calculated by 
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where C0 and Ct (mg/L) are the liquid-phase concentrations of dye at initial and time (t),
respectively. V is the volume of the solution (L) and W is the mass of dry magnetic
nanoparticles used (g).  Both the Langmuir and Freundlich models were utilized to analyze 
the isotherms of AO adsorption to the nanoparticles.  We found that the Freundlich model fits 
the data with correlation coefficient of 0.96.  The empirical relation was
The sorption kinetics were found to fit pseudo second order rate equation
for all initial concentrations, the second order kinetic equations for each initial 
concentration is shown in Table 1. Using this equation, where qt is the sorbed dye at time t,
while qe is the sorbed dye at equilibrium. It should be noted that the initial absorption was 
fairly rapid and the pseudo equilibrium were reached after 20 minutes of contact time. 
Table 1: Pseudo second order rate equation coefficients
We investigated the ability to recycle the magnetic particle for additional dye removal 
sequences.  In this study we utilized 1-methyl-3-n-decyl-imidazolium bromide ionic liquid 
(IL) for recovery of dye from the nanoparticles.  ILs have recently received research attention 
due to their potential replacement for volatile organic compounds.
Initial concentration 
mg/L
qe (mg/g) k (g/mg min)
184 40.32 0.0101
92 32.68 0.0169
36.9 21.93 0.0128
27.6 18.45 0.0172
18.45 13.28 0.0199
9.22 7.16 0.0393
3.69 3.45 0.0674
We prepared two ILs 1-mythyl-3-n-decyl-imidazolium (IL1) and 1-mythyl-3-n-decyl-
imidazolium bromide (IL2).  Figure 2 shows the chemical structure for both ILs.  The zeta 
potential for both ILs was measured using a Malvern Zetasizer Nano ZS (Malvern 
Instruments Ltd.).  The zeta potential for IL1 was found to be -0.0477mV and for IL2 to be 
27.1 mV.
Figure 2: Chemical structures for the ILs used in the dye recovery experiments.
Magnetic nanoparticles of 5mg/ml were added to an initial concentration of 5x10
-4
M and 
were allowed to incubate until equilibrium adsorption was reached in a constant temperature 
shaker.  Magnetic separation as well as centrifugation at 2000 rpm for 5 minutes was utilized 
to collect the magnetic particles.  The amount of dye adsorbed by the magnetic particles was 
measured using the difference in dye concentration between the initial and equilibrium 
conditions.  50 mg of nanoparticles were collected from each of the initial concentration 
experiments.
20-160 μl of ILs were added to each of the 50mg of collected magnetic nanoparticles.  The
particles were vortexed for 2 minutes with the ILs.  10 ml of deionized water, to ensure the 
initial volume, was added to the mix and were vortexed for 2 minutes.  The magnetic 
particles were forced to settle at the bottom of the tube using a magnet followed by a 
centrifugation at 2000rpm for 1 minute.  The dye concentration in the supernatant was 
measured spectrophotometrically.  We found that IL1 does not remove the dye from the 
particles, however IL2 have total dye recovery that reaches 99% when 160μl of IL2 were 
used (Figure 3).
N+
N
1-methyl-3-n-decyl-imidazolium
N+
N
Br-
1-methyl-3-n-decyl-imidazolium bromide
Figure3. Percentage of recovered dye
The ability of IL2 to recover the dye from the nanoparticles is due to the charge competition 
at the surface of the anionic nanoparticles.  Both the IL2 and the AO are cationic solutions.  
However the zeta potential for the IL2 is at least 4 times higher than that of AO. IL1 is a 
weak anionic which explains the inability of IL1 to remove the dye from the particles.  We 
have observed agglomeration when IL1 was added to the AO without magnetic particles 
explaining the electrostatic adherence of AO to the IL1.  No agglomeration was observed 
when IL2 was added to AO. 
The nanoparticles collected after the dye removal were reused for additional dye removal.  It
should be emphasized the 160 μl of IL2 was able to recover 40mg/g of dye and enable the 
reuse of the magnetic nanoparticles.  We have reported prevously that acetone could be 
utilized to recover the particles and dye for additional reuse with maximum dye recovery of 
90%.  However, the amount of acetone needed was 10ml for 40mg/g recovery of dye.  The 
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dye was collected using evaporation process.  It should be emphasized that a thousand times
less of IL is needed to collect the dye from the particles surface.
In summary we described a method for efficient removal and recovery of hazardous dye from 
wastewater.  The method makes use of naked, inexpensive magnetic nanoparticles with 
surface affinity to the dye.  The magnetic particles have an equilibrium removal time of 20 
minutes similar to other physical dye removal methods.  The dye was recovered by 
incubating the dye-loaded particles in one-thousandth volume of IL with higher charge 
density than the dye, followed by magnetic separation so that the dye and particles can be 
recovered for further use.
References:
1. Oxspring, D.A. McMullan G. & Smyth, W.F. Marchant R. Biotechnol. Lett. 18  527–530
(1996).
2. Searle, C.E. Chemical carcinogenesis. ACS monograph. Washington, DC: ACS (1976).
3. Zollinger, H. & Ebel, H.F. New York: VCH Publishers; (1987).
4. Ligrini, O. Oliveros, E. & Braun, A. Chem Rev. 93 671-698 (1993).
5. Helmes, C.T. J. Environ. Sci. Health. A 19 97-231(1984).
6. Pierce, J. & Soc, J. Dyers Color. 110 131–134(1994).
7. Espantaleon, A.G. Nieto, J.A. Fernandez, M.  Marsal, A. Appl Clay Sci. 24:105-110 (2003).
8. Janos, P. Buchtova, H. & Ryznarova, M. Water Res.37 4938-4944 (2003).
9. Khraisheh, M.A.M. & Alg-Houti, M.S. Adsorption. 11 547-549 (2005).
10. Elizalde-Gonza´lez, M.P. & Pela´ez-Cid, A.A. Environ Technol. 24 821-829 (2003).
11. Hamid, B.H. J. Hazard. Mater.154 204-212 (2008).
12. Namasivayam, N. et al. Bioresour. Technol. 57, 37–43 (1996).
13. Senthilkumaar, S.  Kalaamani, P. & Subburaam, C.V. J. Hazard. Mater. B136, 800–808
(2006).
14. Eastoe, J. & Dalton, J.S. Adv. Colloid Interface Sci. 85 103–144(2000).
 Yao, H. Kobayashi, S. Kimura, K. J. Colloid Interface Sci. 307 272-279 (2007). 
16. Jhunu, C.  Haik, Y. & Ching-Jen, C. J. Magn. Magn. Mater. 257,113–118 (2003).
17. Mekkawy, H.A. Ali, M.O. & El-Zawahry, A.M. Toxicol. Lett. 95, 155-161(1998).
 Mathur, N. et al. chemosphere 67 1229-1235 (2007).

